Despite the importance of the optical properties such as the downwelling diffuse attenuation coefficient for characterizing the upper water column, until recently no in situ optical measurements were published for the Red Sea. Kirby et al.
INTRODUCTION
The diffuse attenuation coefficient for downwelling irradiance, K d , is one of the most significant apparent optical properties of seawater that emphasizes how the solar radiation at a particular wavelength is attenuated within the water column 2, 3 . K d mainly depends on the inherent optical properties (IOPs) and the angular distribution of the surface light field [4] [5] [6] . K d can be considered as an indicator of the turbidity in the water column 7 , thus, the greater the attenuation of light, the lower the clarity. The clarity of the seawater depends on the concentrations of the in water contents present in a water body.
The biological and physical processes in the water column are dependent on the light field, and the K d could be described it. The diffuse attenuation coefficient also plays a very critical role to understand the biogeochemical, ecological processes, phytoplankton photosynthesis 8, 9 and photobleaching, and the estimation of primary production in natural waters 10 .
K d (490) is a widely accepted parameter used for various ocean color applications, which has a wide applicability in ocean optics and ocean color remote sensing for instances i) to describe the underwater light field since the depth with enough light for photosynthesis (euphotic depth) can be calculated as 4.6/K d ; ii) to estimate the "sensed" water column width, as 90% of remotely sensed radiation comes from the layer with a thickness 7 of K d -1 ; iii) to derive Secchi disk depth from remote sensing data 11 which is a water quality parameter used to study the visibility.
Several algorithms for the remote estimation of K d have been developed for oceanic waters [12] [13] [14] . One of the earliest algorithms was developed based on the simple band ratio of water-leaving radiances from the ocean color data of Nimbus- 14 . The blue to green ratio is not sensitive in the turbid coastal waters for accurate retrieval of K d (490). Therefore, recently, Kratzer et al. 11 showed the importance of red band (620 nm) to retrieve K d (490) in the north-western Baltic Sea. Wang et al. 16 improved the method to retrieve satellite-based K d (490) over oceanic and coastal waters by using the reflectances measured in green and red wavelengths (e.g., 490 and 670 nm). As an alternative to the band ratio algorithms, radiative transfer models have been applied to calculate spectral K d as a function of IOPs and respective light conditions 5, 17, 18 . The radiative transfer based K d algorithms have been worked well in clear waters and coastal waters 18 .
In this paper, we compiled several empirical K d (490) algorithms and evaluated their performance in the Red Sea using our new dataset. Refer to Table 1 for the description of algorithms used to estimate the diffuse attenuation coefficient in the Red Sea. 
DATA
In situ optical measurements Radiometric properties were measured during in 2014 and 2015 cruises in the Red Sea further referred to as Red Sea Research Center (RSRC) dataset in this paper. The study area and sampling locations are presented in Fig.1 . In-water measurements of spectral upwelling radiance (L u ) and spectral downwelling irradiance (E d ) were made by using a Satlantic TM hyperspectral free fall optical profiler named as HyperPro in 350-800 nm wavelength range. Care was taken to avoid overshadowing of the ship during the HyperPro deployments. In air surface radiance (E s ) was measured using a deck reference sensor. The reference sensor was mounted on the top of the ship to avoid any shadowing effects during the cast. Profiles of downwelling irradiance were used to calculate diffuse attenuation coefficient, the first optical depth, photosynthetically available radiation (PAR), and depth of the euphotic zone. A CTD attached with HyperPro measured temperature, salinity, and the conductivity of the seawater. ECOPUCK embedded with HyperPro, measured the profiles of Chla fluorescence, CDOM fluorescence, and backscattering at the red band (i.e., 700 nm). The remote sensing reflectance (R rs (λ)) and diffuse attenuation coefficients (K d (λ)) were calculated using Prosoft 7.7.16_6 software provided by the instrument manufacturer (http://www.satlantic.com). These measurements were made under both clear skies with low solar zenith angle and sometimes Sun covered by clouds. These datasets were acquired at over 49 stations and stored in the system for the further use in algorithm development and validation. In this study, RSRC dataset was used for evaluating the performance of several existing algorithms. Fig. 2 shows the examples of measured R rs (λ) and K d (λ) spectra in the Red Sea. The spectral response of the Red Sea is relatively identical. Most of the R rs (λ) have shown a similar trend, with a relatively high reflectance between 0.0015 and 0.009 sr -1 at the blue end (400-500 nm), except for few cases showing higher values; an abrupt downward slope starting at around 500 nm due to water absorption, and lower values at the red end of the spectra. Fig. 3 . A small number of negative values were observed for the Wang et al. 16 . These negative values were excluded from the total number of data points (i.e., 49) and finally, 39 valid data points were used to calculate two basic statistical measures (i.e., RMSE and MRE) and correlation coefficient to assess the performance of the algorithms. Fig. 3 It was noticed that the Wang et al. 16 algorithm appears to have a somewhat better slope and intercept values and tends to produce some negative values in the Red Sea. Earlier studies have suggested that the algorithms for deriving K d (490) are underestimated/overestimated and produce a negative values in a wide range of waters 4, 11, [18] [19] [20] . Furthermore, the empirical coefficients can be refined by using regional in-situ optical measurements. This kind of empirical approach has been adopted by various ocean color sensors (OCM, SeaWiFS, MODIS, MERIS, OCTS, CZCS) for operational use with good results over clear open ocean waters. Problems associated with previous studies may be overcome by a neural network algorithm 6 , still its applicability in a wide range of waters needs to be assessed.
RESULTS AND DISCUSSION

CONCLUSIONS
In this study, compilations of the several empirical algorithms for deriving the diffuse attenuation coefficient at 490 nm are investigated. These algorithms, collectively as well as individually, are valuable to ocean color community, and they form the basis to understand diffuse attenuation coefficients. These algorithms were applied to RSRC dataset for estimating the diffuse attenuation coefficients and none of the algorithms has shown satisfactory performance in the Red Sea. Some of the algorithm estimated K d (490) 
